Dye-sensitized solar cells (DSSCs) have attracted much attention as a promising next generation photovoltaic devices due to their potentials for low cost and high efficiency as reported by O\'Regan and Gräzel[@b1]. Since then, the most DSSC researches have focused on improving the solar-to-electricity conversion efficiency. Recently, the efficiency of DSSCs has achieved 12.3% by the combination of co-sensitization of porphyrin dyes and a cobalt-complex redox mediator having more positive redox potential than iodine/iodide[@b2]. DSSCs consist of a dye-adsorbed TiO~2~ electrode, a Pt-coated counter electrode and an electrolyte filled between them. Under illumination, photoexcited dye injects electrons into the conduction band of TiO~2~. The injected electrons are then collected at the photoanode and transferred to the counter electrode. The oxidized dyes are regenerated by redox couple in the electrolyte.

Dyes are part of the key elements in DSSCs because they are directly involved in light harvesting, photoelectron generation and electron transfer[@b3]. For this reason, the bonding mechanism and electronic coupling between TiO~2~ and dye have been investigated and many dyes with suitable functional-groups were synthesized to increase the bonding strength between TiO~2~ and dyes[@b3][@b4][@b5][@b6][@b7]. Faster dye-adsorption has also been studied under high temperature[@b8], high concentration[@b9] and electric field[@b10] in order to reduce the time for the dye-adsorption process, which resulted in improved productivity. In addition to the view point of kinetics for dye-adsorption, the viewpoint of thermodynamics was considered to control the binding mode of the dye with a co-adsorbent to obtain improved photoelectron generation[@b11].

Meanwhile, long-term stability has emerged as a challenge to the commercialization of DSSCs. One of the reason for poor long-term stability of DSSCs is weakly bound dye molecules on TiO~2~ surface[@b12]. Recently, the long-term stability of DSSCs has been improved through molecular engineering of a sensitizer in conjunction with the use of a nonvolatile electrolyte[@b13][@b14][@b15][@b16]. However, the cell efficiencies of the DSSCs were lower than those of conventional DSSCs, and the material is too expansive because of the use of ionic liquid. Moreover, it was reported that some modifications of molecular structure of dyes with long alkyl chains can diminish the negative effect on long-term stability resulting from the water content in TiO~2~ layers[@b13][@b14][@b17][@b18]. However, dye desorption from TiO~2~ and degradation by iodide ion or water in the electrolyte are fundamental problems which is harmful for the long-term stability of devices[@b18][@b19][@b20]. In this paper, we assured the effect of dye-desorption in contact with the electrolyte on device stability and achieved high stability by adding a controlled amount of dye molecules into the electrolyte. Surprisingly, these purposely added dye molecules in the electrolyte suppressed dye-desorption from the TiO~2~ surface by decreasing the driving force of desorption of the adsorbed dyes ([Figure 1](#f1){ref-type="fig"}). Increasing the dye solution percentage in the model liquid electrolyte from 0 to 30 vol.% can retard the detachment of dye-molecules, thereby increasing the long-term stability of DSSCs.

Results
=======

The reason for the reduction of dye-desorption
----------------------------------------------

To confirm the reduction of dye-desorption, the freshly dye-sensitized TiO~2~ electrodes were immersed in electrolytes with different dye-molecule volume percentages for 24 h to check the number of remaining dye-molecules on the TiO~2~ electrode without desorption. After 24 h of electrolyte treatment, the electrodes were rinsed with acetonitrile and ethanol several times and the dyes on the TiO~2~ film were detached and collected using 0.1 M NaOH in water and ethanol solution in a 1:1 volume ratio. For comparison, a freshly dye-sensitized TiO~2~ electrode without electrolyte treatment was also immersed in 0.1 M NaOH solution. Following this, UV-Vis spectra intensities of the dye solution were observed and compared. As shown in [Figure 2](#f2){ref-type="fig"}, the amount of dyes remained on the TiO~2~ photoanode was different from its initial amount of dyes on the TiO~2~ photoanode. However, the intensities of the absorbance of the desorbed dye solution after 24 h of treatment varied depending on the electrolyte composition, which confirmed the different behaviors of dye desorption in each electrolyte. The dotted line in [Figure 2](#f2){ref-type="fig"} represents the initial dye-loading quantity without electrolyte treatment. The absorbance after electrolyte treatment increased in proportion to the volume of dye solution in the electrolyte. The electrode immersed in the reference electrolyte showed the biggest difference from the initial dyes on the TiO~2~ electrode. These results confirmed that dye molecules in the electrolyte could suppress dye desorption from the TiO~2~ photoanode to find a new equilibrium state, resulting extremely improved stabilities.

Characterization of cell performances
-------------------------------------

First, the initial DSSC performances containing different dye solution volume percentages were compared as shown in [Figure 3 (A, B)](#f3){ref-type="fig"} and [Table 1](#t1){ref-type="table"}. Then, the cell aging stability was investigated by checking the efficiency decay as a function of storage time over 600 h (28 days). As the dye solution percentage increased in the electrolyte, the initial cell efficiency gradually decreased, which was mainly attributed to the reduced photocurrent density (*J*~SC~) ([Table 1](#t1){ref-type="table"}). The incident photon-to-current efficiency (IPCE) data ([Fig. 3B](#f3){ref-type="fig"}) are determined by the efficiencies of light harvest (η~LH~), charge injection (η~INJ~) and charge collection (η~COL~)[@b1]. Obviously, the photon energy harvested by dye molecules in the electrolyte cannot contribute to photocurrent. The gradual decrease of *J*~SC~ values as a function of dye concentration can support this hypothesis. Another possible reason for the decreased *J*~SC~ values is the added ethanol from dye solution in the electrolyte. According to a previous research, the rate of electron injection from the dye to the TiO~2~ film was more rapid in acetonitrile than ethanol[@b21]. This was because the O atom in ethanol had a stronger attraction to the functional group of the dye than the N atom in acetonitrile[@b22]. Moreover, the different iodine/iodide salt concentrations of dye-containing electrolyte solutions was also regarded as an influential factor for our results. For further analysis, Nyquist plots for cells in initial state ([Fig. 3C](#f3){ref-type="fig"}) and in a month ([Fig. 3D](#f3){ref-type="fig"}) are compared after cell area normalization[@b23][@b24][@b25]. The equivalent circuit for the analysis is given in the [Table 2](#t2){ref-type="table"}, where R~s~, R~ct~(TiO~2~), CPE(TiO~2~), Z~w~, R~ct~(CE), and CPE(CE) are series resistance, charge transfer resistance at an interface between TiO~2~ and electrolyte, capacitance of TiO~2~ and electrolyte interface, diffusion impedance in an electrolyte, charge transfer resistance at an interface between counter electrode and electrolyte, and capacitance of an interface between electrolyte and counter electrode, respectively. Roughly, the impedance values of Z~w~ and R~ct~(TiO~2~) for dye containing cells are greater than those for a reference cell, where R~ct~(CE) are quite comparable to each other. Since dye molecules are expected to impede a charge carrier flow in an electrolyte, a higher concentration of dye molecules in an electrolyte may increase Z~w~ values. R~ct~(TiO~2~) values also shows dependency on dye concentration, which may mean that dye desorption from the TiO~2~ surface is suppressed from the very beginning. In addition, the impedance changes from an initial state to a state in a month have been summarized in [Table 2](#t2){ref-type="table"}. While Z~w~ value changes are not noticeable (except samples for 30% volume percentage), R~ct~(TiO~2~) values are quite large in a month. R~ct~(TiO~2~) changes are expected since dyes in an electrolyte are playing roles at an interface between TiO~2~ and electrolyte. The R~ct~(TiO~2~) increase for a reference cell is based on replacing dyes with additives such as tertiary butyl pyridine. Normally, additive-replacing accompanies *V*~oc~ increase as shown for a reference cell from 0.745 to 0.815 V at day 6 ([Figure 4B](#f4){ref-type="fig"}). However, 10% dye solution percentage cell shows relatively smaller change from 0.76 to 0.80 V at day 6 compared to the reference cell. The suppression of dye-desorption from TiO~2~ surface during aging time may explain this *V*~oc~ changes ([Figure 4(B)](#f4){ref-type="fig"}). At the beginning, additives can affect the TiO~2~ surface, but high concentration of dyes are still active on the TiO~2~ surface and goes for an equilibrium in time.

Characterization of long-term stability
---------------------------------------

In spite of the little disadvantage of the added dye molecules in the electrolyte on the initial performances, the device stability was remarkably improved. The performance of devices was monitored for over 600h (28 days) to investigate the effects of dye-molecules in the electrolyte on the suppression of dye desorption from TiO~2~. All the devices were kept in room temperature (\~25°C) in the dark. The humidity was kept around 40%. We chose that the moderate condition to exclude other elements that can induce other problems regarding to the device stability such as leakage or volatilization of electrolyte under high temperature. The efficiency of reference cell gradually decreased over more than 600 h (28 days) while the others nearly retained the initial performances. As it can be seen in [Figure 4](#f4){ref-type="fig"}, the efficiency decay was mainly correlated with the decrease of *J*~SC~. On the other hand, a slight increase of *V*~OC~ and FF can retard the efficiency decay, but with insignificant contribution compared to the negative effect of *J*~SC~. As mentioned previously, *J*~SC~ was affected by the combination of light harvesting, charge injection and charge collection efficiencies. One of the possible explanations for the improved cell stability after adding dye molecules into the electrolyte is the light harvesting step. The binding of dyes onto the TiO~2~ particle and the detachment of dyes from TiO~2~ particles might be reversible phenomena. Because dye adsorption energy is dependent on solvents, the equilibrium state of dye molecules on the TiO~2~ surface might be different in each solvent environment[@b26]. Upon the dye-adsorption process, the amount of adsorbed dyes on the TiO~2~ photoanodes reaches its maximum point at the equilibrium state under dye-rich solution[@b27]. However, the equilibrium state of dye-coated TiO~2~ photoanodes should be changed after being in contact with the pure electrolyte. In other words, the dyes bound on the TiO~2~photoanodes should find another steady-state because of the change in their confronted environment and this may cause detachment of dyes from the surface of TiO~2~, which may in turn induce efficiency decay. Because the detached dye molecules cannot participate in the light harvesting, a prominent degradation of *J*~SC~ is expected for the reference cell in [Figure 4(A)](#f4){ref-type="fig"}. The devices that employed dye-added electrolytes showed less reduced *J*~SC~ than the reference cell. This indicates that the dye molecules in the electrolyte induced suppression of dye-desorption from TiO~2~ layers by deriving a new equilibrium with the electrolyte toward a less desorption state. The normalized efficiencies and *J*~SC~ data versus their initial values as shown in [Fig. 4 (E,F)](#f4){ref-type="fig"} manifested the advantage of dye added electrolytes for improved long-term stability with more clarity. As the concentration of dye solution increased, the values were close to 1*.* The efficiency and *J*~SC~ of the reference cell were reduced by 21.5% and 30.4%, respectively, while those of the 30% dye-solution-containing cell were decreased by 1.7% and 3%.

To investigate the usefulness of our approach in another high efficiency DSSC, a dye-solution-containing electrolyte was incorporated into another DSSC with more optimized photoanode to have \~9.5% cell efficiency as described in Method section. As shown in [Fig. 5(A](#f5){ref-type="fig"}) and 5(B), the devices that employed dye-added electrolytes also showed less reduced *J*~SC~ than the reference cell. In addition, recently, several new ionic liquid based electrolytes have been investigated as alternative stable electrolyte solvents for DSSCs[@b28][@b29]. We also applied our concept to a ionic liquid based electrolyte. [Figure 5(C) and 5(D)](#f5){ref-type="fig"} show the normalized efficiencies and *J*~SC~ data versus their initial values. Because of high stability nature of the ionic liquid electrolyte, the advantage of dye added electrolytes for improved long-term stability was not obvious within 16 days compared to high volatile electrolytes. However, DSSC with a dye-solution-containing electrolyte shows more improved stability compared to the reference DSSC.

Discussion
==========

It was found that dye-desorption was vital to the stability of DSSCs. Desorption of dye molecules from the TiO~2~ surface can be strongly correlated with the decay of light harvesting efficiency, resulting in poor long-term stability. The stability of the device was extremely improved by simply adding dye molecules into the electrolyte even though it showed a slightly diminished initial performance. The dye molecules in the electrolyte suppressed the extent of dye-desorption from the TiO~2~ film. The tendency of different dye-detachment behaviors of dye sensitized TiO~2~ electrodes was confirmed by measuring the UV-Vis absorbance of remaining dyes on the TiO~2~ electrode after treatment in different electrolytes. We believe this simple but valuable observation can speed up the commercialization of DSSCs.

Methods
=======

Fabrication of dye-sensitized solar cells (DSSCs)
-------------------------------------------------

Fluorine-doped tin oxide (FTO) glasses were cleaned with the solution containing 1:1 volume percent of ethanol and acetone in an ultrasonic bath. FTO was then treated with 40 mM titanium tetrachloride (TiCl~4~) at 80°C for 30 min to form a thin compact layer and was rinsed with ethanol. 12 μm-thick TiO~2~ paste (TiO~2~ paste-20 nm EnB Korea) was deposited by the doctor blade method and was subsequently annealed at 550°C for 30 min. In case of high efficiency DSSCs around \~9.5%, a light-scattering film composed of \~400 nm sized (CCIC, Japan) was over-coated on the 20 nm TiO~2~ film. The sintered film was immersed into the dye solution of 0.3 mM N719 in ethanol for 18 h at 25°C. The counter electrode was prepared by spreading the 10 mM H~2~PtCl~6~·6H~2~O in 2-propanol solution on the predrilled FTO and annealing at 450°C for 30 min. The two electrodes were assembled using a 60 μm Surlyn sheet as sealant with light pressure applied at 140°C to seal the cell. The space between the electrodes was filled with an electrolyte through the hole on the counter electrode. The reference electrolyte consisted of 0.5 M 4-tert-butylpyridin, 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.03 M Iodine and 0.1 M Guanidine thiocyanate in acetonitrile and valeronitrile solution with a volume percent ratio of 85:15. Dye-molecules (N719) containing electrolyte solutions were prepared by adding the 0.3 mM dye solution (N719 in ethanol) to the reference electrolyte at 10, 20, and 30 volume percent. The molar concentration of each electrolyte was summarized in [Table S1](#s1){ref-type="supplementary-material"}. As second electrolyte, dye-containing ionic liquid based electrolyte solutions were prepared by adding the 0.3 mM dye solution to the ionic liquid electrolyte (Mosalyte ADE-250, SOLARONIX) with 20 vol.%. The active cell area was approximately 0.12 cm^2^, which was measured by an image analysis program equipped with a digital microscope camera (Moticam 1000).

Characterization
----------------

The photovoltaic properties of the solar cells were measured using a Keithley model 2400 source measuring unit under 100 mWcm^−2^ illumination using a 1,000 W Xenon lamp (Spectra-Physics) as the light source. The IPCE was measured as a function of the wavelength ranging from 300 to 800 nm using a specially designed IPCE system for dye-sensitized solar cells (PV Measurement, Inc.). The electrochemical impedance spectra were measured under 100 mWcm^−2^ illumination at open circuit voltage by a potentiostat (IM6, ZAHNER).

Author Contributions
====================

J.H.P. contributed to the conception and design of the experiments, analysis of the data and writing the paper. N.H. carried out all experiments and wrote the paper. Y.J. analyzed impedance data.

Supplementary Material {#s1}
======================

###### Supplementary Information

Table S1

This research was supported by NRF grant funded by the Korea government (MEST) (2011-0030254, 20110023215, NCRC program (2011-0006268), Future-based Technology Development Program (2010-0029321).

![Schematic of DSSC preparation using the dye added electrolyte and schematic of DSSCs with the dye added electrolyte.](srep01712-f1){#f1}

![UV-Vis spectra of the detached dye molecules before and after electrolyte-treatment with different electrolyte compositions: reference electrolyte, 10% \~ 30 vol% dye solution added reference electrolyte.](srep01712-f2){#f2}

![Initial photocurrent-voltage curves (A), IPCE curves (B) and Nyquist plots (C) of dye-sensitized solar cells with different electrolyte compositions.(D) Nyquist plots of aged dye-sensitized solar cells for 28 days with different electrolyte compositions.](srep01712-f3){#f3}

![Cell parameter decays for 28 days: *J*sc (A), *V*oc (B), FF (C) and Efficiency (D).Cell parameter decay normalized by its initial value over the 28 day period ((E) normalized *J*sc and (F) normalized Efficiencies).](srep01712-f4){#f4}

![Cell parameter decays of a high efficiency DSSC (\~9.5%) for 16 days: Jsc (A) and Efficiency (B).All experiment conditions were same with [Figure 3](#f3){ref-type="fig"} and [Figure 4](#f4){ref-type="fig"}, but initial cell efficiencies were much higher than the devices of [Figure 3](#f3){ref-type="fig"} and [Figure 4](#f4){ref-type="fig"}. Normalized cell parameter decays of DSSC with a ionic liquid electrolyte for 16 days: Jsc (C) and Efficiency (D): reference electrolyte (black), 20 vol% dye solution added reference electrolyte (red).](srep01712-f5){#f5}

###### Initial device performances of dye-sensitized solar cells with different dye solution volume percentages

               Voc (V)   Jsc (mA/cm^2^)   FF (%)   Eff (%)
  ----------- --------- ---------------- -------- ---------
  Reference     0.745        13.730       71.214    7.283
  10%           0.759        13.381       70.753    7.184
  20%           0.761        12.939       70.435    6.937
  30%           0.743        12.267       69.891    6.373

###### Rc, Rct and Zw values calculated from the initial and final EIS data with different electrolyte compositions (Unit: Ωcm^2^)

  Initial                              Ref    10%    20%    30%
  --------------------------- ------- ------ ------ ------ ------
                               R~c~    1.23   1.21   1.16   1.30
                               R~ct~   2.46   2.85   3.25   3.60
                               Z~w~    1.16   1.87   1.96   2.73
  **Final (After 28 days)**                                   
                               R~c~    1.16   1.17   1.04   1.20
                               R~ct~   3.06   3.10   3.53   3.78
                               Z~w~    1.07   1.71   1.72   1.99
